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FMRPIn the zebraﬁsh retinotectal system, retinal ganglion cells (RGCs) project topographically along anterior–
posterior (A-P) and dorsal–ventral (D-V) axes to innervate their primary target, the optic tectum. In the
nevermind (nev) mutant, D-V positional information is not maintained by dorsonasal retinal axons as they
project through the optic tract to the tectum. Here we present a detailed phenotypic analysis of the
retinotectal projection in nev and show that dorsonasal axons do eventually ﬁnd their correct location on the
tectum, albeit after taking a circuitous path. Interestingly, nev seems to be speciﬁcally required for retinal
axons but not for several non-retinal axon tracts. In addition, we ﬁnd that nev is required both cell
autonomously and cell nonautonomously for proper lamination of the retina. We show that nev encodes
Cyﬁp2 (Cytoplasmic FMRP interacting protein 2) and is thus the ﬁrst known mutation in a vertebrate Cyﬁp
family member. Finally, we show that CYFIP2 acts cell autonomously in the D-V sorting of dorsonasal RGC
axons in the optic tract. CYFIP2 is a highly conserved protein that lacks known domains or structural motifs
but has been shown to interact with Rac and the fragile-X mental retardation protein, suggesting intriguing
links to cytoskeletal dynamics and RNA regulation.Chien).
ll rights reserved.© 2010 Elsevier Inc. All rights reserved.Introduction
A major focus in developmental neurobiology is to understand the
mechanisms by which axons navigate through their environment and
ultimately identify their appropriate target cells. One system well
suited for studying axon pathﬁnding is the zebraﬁsh retinotectal
system, where the axons of RGCs project to their primary target, the
optic tectum, along two topographic axes. RGCs located along the A-P
axis of the retina distribute their axons along the posterior-anterior
axis of the tectum; likewise, RGCs along the D-V axis distribute their
axons along the ventral–dorsal axis of the tectum (Stuermer, 1988). In
vitro and in vivo studies have identiﬁed several molecules important
for topographic mapping on the tectum (reviewed in McLaughlin and
O'Leary, 2005).
Before reaching the tectum, axons are segregated in the optic tract
depending on RGC position within the retina. Dorsal axons project
through the ventral branchof the optic tract, while ventral axons project
through the dorsal branch (Stuermer, 1988). Little is known about the
molecular mechanisms controlling topographic order within the tract,
and the ligands and receptors involved remain elusive. However, a
large-scale forward genetic screen isolated several zebraﬁsh mutantsthat displaymistakes in tract sorting and topographicmappingof retinal
axons (Baier et al., 1996; Karlstrom et al., 1996; Trowe et al., 1996),
potentially providing insight into this process. Indeed, analysis of the
boxer and dackel mutants shows that heparan sulfate proteoglycans
(HSPGs) are required for sorting dorsal axons into the ventral tract (Lee
et al., 2004). In the nevermind (nev) mutant described here, dorsonasal
axons missort with ventral axons in the optic tract, and also project
inappropriately through the dorsal tectum (Trowe et al., 1996). We
show here that nev encodes a cytoplasmic protein, CYFIP2, likely
involved in growth cone guidance.
The intracellular signaling pathways that mediate signals from cell
surface receptors to ultimately change the growth cone's behavior are
quite complex. The Rho family of small GTPases, including Rac, Rho, and
Cdc42, regulate the cytoskeletal structure of the growth cone and have
been shown toact downstreamof axon guidance receptors (reviewed in
Govek et al., 2005). One function of Rac is to signal through theWAVE/
SCAR complex to cause actin nucleation by Arp2/3 activation (Miki et
al., 1998; Machesky et al., 1999). The WAVE/SCAR complex consists of
ﬁve proteins including CYFIP2 [cytoplasmic FMRP interacting protein 2;
also known as PIR121 (Saller et al., 1999)], which Rac binds directly
(Eden et al., 2002). CYFIP1 [also known as Sra-1; (Kobayashi et al.,
1998)] and CYFIP2 were also identiﬁed independently through their
interaction with FMRP (fragile-X mental retardation protein) (Schenck
et al., 2001). FMRP is anmRNAbinding protein thought to bind asmany
as 4% of all brain mRNAs (reviewed in Bardoni and Mandel, 2002).
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effector upstream of FMRP (Schenck et al., 2003); more recently,
biochemical studies have shown that mammalian CYFIP1 can mediate
FMRP's translational repression activity (Napoli et al., 2008).
In Drosophila, mutations in cyﬁp give rise to defects in synaptogen-
esis and axon guidance (characterized by midline crossing errors and
ectopic branching) (Schenck et al., 2003). Mutations in any of the
three components of the WAVE complex, cyﬁp, kette, or scar, give rise
to similar defects in axon guidance, demonstrating a role for Cyﬁp and
theWAVE complex in mediating axon guidance decisions (Schenck et
al., 2004). Furthermore, loss of Cyﬁp speciﬁcally in photoreceptor
neurons leads to targeting errors once their axons enter the brain
(Bogdan et al., 2004). However, it is not known whether Cyﬁp has a
conserved role in axon guidance in vertebrates.
Here we show that nev encodes Cyﬁp2 and is thus the ﬁrst known
mutant in a vertebrate Cyﬁp familymember. Allele sequencing of both
alleles of nev, tr230b and ta229f, identiﬁed premature stop codons that
likely represent null alleles. cyﬁp2 is broadly expressed in the CNS
during development, including the eye and brain. We show that cell
autonomous function of cyﬁp2 is required for maintaining positional
information by dorsonasal axons as they project through the optic
tract and on the tectum. While nev is larval lethal, the overall
morphology of the body, brain, and eye are grossly normal, as is the D-
V polarity of the eye. However, the lamination of the eye is disrupted in
nev, apparently independently of the axon guidance phenotype. These
data suggest that Cyﬁp2 is an important regulator of cytoskeletal
dynamics and/or RNA translation that acts during retinal lamination
and axon pathﬁnding.
Materials and methods
Mapping and cloning of nev/cyﬁp2
nev had previously been rough-mapped to LG14 (S. Neuhauss,
personal communication). To ﬁne-map nev, heterozygotes in the Tü
background were crossed to a polymorphic strain, WIK. F1 hetero-
zygotes were incrossed to collect F2 mutant embryos, which were
identiﬁed by topographically labeling the dorsonasal and ventrotem-
poral retina (see below). Tightly linked simple sequence length
polymorphisms (SSLPs) and single nucleotide polymorphisms (SNPs)
were identiﬁed by PCR. A total of 588 meioses were analyzed to place
nev within a 0.51 cM interval ﬂanked by an SSLP, zAJP18 (primers
zAJP18F5′-CAGAATGCTGCAGGGAAATA-3′ and zAJP18R5′-TGATGGAG-
TAGGTCCTGGATG-3′)with 2 recombinations/588 and a SNP, zK183B13
(zk183B13sp61F 5′-GGCCACTTTCCAACACAATC-3′ and zk183B13sp61R
5′-CAAACTGAGGGGAGCAGAAA-3′) with 1 recombination/588. To
identify candidate genes within this interval, sequenced BACs (Sanger
Institute) were analyzed. One candidate of particular interest was
pursued further: the zebraﬁsh homolog of human CYFIP2 (Genbank
EF531617). A novel SSLP marker, zAJP12 (zAJP12F 5′-CTGACAGATCTG-
GAAAGGTCAA-3′ and zAJP12R 5′-TGCTCTAAATTAGTATCTTTGGTCAGA-
3′), located between the 2nd and 3 rd exons of cyﬁp2, showed 0
recombinations/588 meioses.
Allele sequencing
To search for the molecular defect in nev, cDNA was generated from
WT and mutant embryos at 54hpf and cyﬁp2 RT-PCR products were
directly sequenced as previously described (Lee et al., 2004). This led to
the identiﬁcation of premature stop codons in both alleles ofnev (tr230b
and ta229f). Genomic DNA (gDNA) from the two founder ﬁsh
(a generous gift from S. Rudolph, MPI Tübingen) was PCR ampliﬁed
and sequenced to conﬁrm that these mutations were induced by the
mutagenesis; neither founder displayed the stop codon mutations. For
genotyping nevtr230b, the following dCAPS primers (Neff et al., 2002)
were used on gDNA: FP 5′-TTGGGTGAATTCCATTTTTCA-3′ and RP5′-CTCCAGGTGTACAACATGACAGC-3′, which amplify a 213 bp product
with an AluI restriction site introduced in nev but not wt. AluI digests
were run on a 3%Metaphor gel to resolve wt (213 bp) and nev (190 bp)
bands. We have found no phenotypic differences between the two nev
alleles, and all of the functional analysis described here used tr230b.
Lipophilic labeling of retinal axons
An injection set-up for topographically labeling retinal axons was
modeled after that used in the Tübingen screen for retinotectal
pathﬁnding mutants (Baier et al., 1996). Three day postfertilization
(dpf) and ﬁve dpf embryos from a heterozygote incross were collected
and ﬁxed in 4% paraformaldehyde (PFA). Small populations of RGCs in
the dorsonasal and ventrotemporal retina were labeled with the
lipophilic dyes DiI and DiO, respectively, and the dye was allowed to
diffuse anterogradely for at least 15 h at room temperature. To label
even smaller numbers of axons, DiI was diluted in 100% ethanol and
pressure injected into the dorsonasal retina of live 5dpf embryos. The
following day, embryos were ﬁxed in 4% PFA. The retinotectal
projections were analyzed using an Olympus confocal microscope.
In situ hybridization and Fc fusion staining
WTembryos and embryos froma nev heterozygous intercrosswere
raised at 28.5 °C in 0.1 mM phenylthiourea and staged according to
hours postfertilization (hpf) and morphology (Kimmel et al., 1995).
Embryos were ﬁxed in 4% PFA in PBS overnight at 4 °C. The following
day, embryos were washed in PBST (PBS with 0.1% Tween-20) and
dehydrated through a series of MeOHwashes and stored at−20 °C. In
situ hybridization was carried out according to Lee et al. (2001). cyﬁp2
antisense riboprobes were generated from a cDNA clone (GenBank
accession no. BI879132). ephrin-B2a, EphB3, aldh1a2, TAG-1, and tbx5a
plasmids were generous gifts from S. Wilson, H. Grandel, J. Kuwada,
and D. Yelon, respectively. For staining with EphB2-Fc or ephrin-B1-Fc
fusion proteins (Supplemental Table 1) embryoswere ﬁxed in ice-cold
100% MeOH, washed in PBST, then incubated in the afﬁnity reagent
(10 ng/μl; R&D Systems catalog# 467-B2-200 and 473-EB-200)
overnight at 4 °C, washed again in PBS, ﬁxed again in 4% PFA, washed
in PBST, then incubated in biotin-conjugated goat anti-human Fc
(1:200; Jackson Immunoresearch catalog# 109-065-098) and stained
with the Vectastain ABC kit (Vector Laboratories). Stained larvae were
genotyped for nev, prepared for sectioning or cleared in 100% glycerol,
and photographed using an Olympus (BX50WI) compound micro-
scope with an Olympus Magnaﬁre SP camera.
Immunoﬂuorescence
For whole-mount immunostaining, embryos from a nev heterozy-
gous intercross, with or without a Tg(isl2b:GFP)zc7 reporter (Pittman et
al., 2008),were raised at28.5 °C in0.1 mMphenylthiourea and stagedas
above. Embryoswere dechorionated andﬁxed at 24hpf, 30hpf, 36hpf, or
5dpf in 4% PFA in PBS overnight at 4 °C, washed in PBST, dehydrated
through a MeOH series, stored at−20 °C for at least 12 h, rehydrated,
washed in PBST and permeabilized with 0.1% collagenase. For retinal
lamination experiments, isl2b:GFP larvae were incubated in the
following primary antibodies overnight at 4 °C: rabbit anti-GFP
(1:400; Invitrogen catalog #A11122), and mouse anti-parvalbumin
(1:400; Chemicon catalog #MAB1572). Theywere thenwashed in PBST
and incubated in goat anti-rabbit Alexa 488 (1:200; Invitrogen catalog#
A11008) and goat anti-mouse Cy3 (1:200; Jackson Immunoresearch
catalog# 115-165-003). Finally, embryos were incubated in Hoechst
33342 (Molecular Probes catalog# H-3570) to visualize cell nuclei. For
visualizing axon tracts, embryos were incubated in the following
primary antibodies overnight at 4 °C: anti-acetylated tubulin (1:500;
Sigma catalog# T6793), znp-1 (1:1000; Iowa DSHB), 3A10 (1:25; Iowa
DSHB). They were then washed in PBST and incubated in either goat
786 A.J. Pittman et al. / Developmental Biology 344 (2010) 784–794anti-mouse Cy3 (1:200; Jackson Immunoresearch catalog# 115-165-
003) or goat anti-mouse GFP (1:200; Invitrogen catalog# A11029). For
cell transplant studies, larvae were ﬁxed at 5dpf and stained with a
rabbit anti-GFP antibody (1:400; Invitrogen catalog# A11222) and goat
anti-rabbit Alexa 488 (1:200; Invitrogen catalog# A11008) and
streptavidin-Alexa 546 (1:200; Invitrogen catalog# S11225). After
immunostaining, larvae were genotyped and some were prepared for
sectioning.
Sectioning
After immunostaining or in situ hybridization, embryos were
dehydrated in MeOH and inﬁltrated in 1:1 Immuno-Bed:MeOH for
30 min at 4 °C, followed by 100% Immuno-Bed overnight at 4 °C.
Embryos were then embedded in a solution of Immuno-Bed:
Immuno-Bed Solution B (EMS catalog# 14260-04: 20:1) and
sectioned at 8 μm on a Reichert-Jung 2050 Supercut microtome
with a glass knife.
Cell transplants
Transplants were performed as described by Ho and Kane
(1990). Donor embryos from a nev/+;Tg(isl2b:GFP)zc7/+ incross
were collected at the one-cell stage and injected with a 1:1 mixture
of rhodamine-dextran (10,000 MW, 5% in H2O; Invitrogen catalog#
D1817) and biotin dextran (3000 MW, 5% in H2O; Invitrogen
catalog# D7135) to visualize donor cells. At 4hpf, 10–50 cells were
transplanted from donor embryos to the animal pole of embryos
from a nev heterozygote incross. At 24hpf, GFP+donors were ﬁxed
and digested to collect gDNA for genotyping. At 5dpf, host embryos
were ﬁxed and processed for immunohistochemistry and subse-
quently genotyped. Host embryos were then prepared for section-
ing. Donor cells misplaced in the IPL of host embryos were counted
from 12 serial sections centered on the section containing the optic
nerve.
Morpholino injections
Lyophilized morpholinos were solubilized in 1x Danieau's buffer
and stored at −20 °C. To block the splicing of cyﬁp2, a morpholino
antisense oligonucleotide (Gene Tools) was designed against the
exon1-intron1 boundary (5′-agtgcattaggacgtgtacCTGGTA-3′) of cyﬁp2
(see Supplemental Fig. 1). The injection volumewas calculated using a
calibrated eyepiece. 3 nl of morpholino (2.5 μg/μl) was injected into
the yolk/cell interface of one-cell embryos. Embryos were collected at
24hpf and 3dpf and cDNA prepared as above. RT-PCR using cyﬁp2 FP
(5′-GATGCGCTGTCCAATGTG-3′) and cyﬁp2 RP (5′-CTTCAGTTCGTC-
CAGCACAG-3′) was performed to conﬁrm knockdown of cyﬁp2 (see
Supplemental Fig. 1).
Plasmid constructs
CMV:cyﬁp2-pA was constructed using the Tol2kit (Kwan et al.,
2007) by recombining p5E-CMV/SP6, pME-cyﬁp2, and p3E-pA into
pDestR4-R3; reporter constructs driven by the CMV promoter were
pCS2-GAP43-GFP (gift of Jon Clarke), pCS2-mCherryCAAX, and pCS2-
EGFP-CAAX (both gifts of Kristen Kwan).
In vivo focal electroporation
Embryos from a nev heterozygous incross carrying a Tg(isl2b:
mCherryCAAX)zc23 reporter were dechorionated at 22–28 hpf, anes-
thetized with 0.02% tricaine, and mounted right side up on a glass
slide in a drop of 1% low-melt agarose in E2/gentamycin. The agarose
was windowed to expose the eye. The embryo was covered with E3
with 0.1 mM PTU to inhibit pigment formation, and mounted under a40x water immersion objective. Co-electroporation tests used an
equimolar mixture of EGFP-CAAX and mCherryCAAX constructs.
Rescue experiments used an equimolar mixture of GAP43-GFP and
Cyﬁp2 constructs (or GAP43-GFP only for controls). A glass micro-
electrode with a 1–3 μm diameter ﬁre-polished tip was backﬁlled
with 2 μl of DNA (1–3 μg/μl in 10 mM Tris-Cl, pH 8.5), and positioned
into dorsonasal retina using a micromanipulator, with a Ag/AgCl
cathode placed in the overlying buffer near the head of the embryo. A
Grass stimulator was used to deliver 1 s trains of 2 ms negative-going
square pulses at 200 Hz, 30–50 V. Several cells were targeted in each
eye with 3–5 trains/cell. Embryos were then removed from the
agarose and raised in E3+PTU at 28.5 °C until 5 dpf. nev homozygotes
were selected by their lack of swim bladders and conﬁrmed by PCR
genotyping after imaging.
Most electroporated larvae were imaged live, after tricaine anesthe-
sia and mounting in a drop of 1.5% low-melt agarose, dorsal down, on a
Petriperm dish (Greiner Bio-One, Monroe, NC). An Olympus FV300
confocal with 40x/W objective was used to take z-stacks of the left
tectum and optic tract in the EGFP and mCherry channels. One to six
arbors were imaged per embryo.
A few larvae carried a Tg(isl2b:GFP)zc7 reporter instead of Tg(isl2b:
mCherryCAAX)zc23 and were electroporated using an mCherryCAAX
construct, then imaged live. Two nontransgenic larvaewere imaged in
80% glycerol after ﬁxing in 4% PFA, counterstaining the tectal neuropil
with mAb zn-8 (1:20, DSHB), and staining electroporated axons with
rabbit anti-GFP (1:1000).
Analysis of electroporation experiments
Larvae with GFP-positive RGCs in dorsonasal retina, whose axons
terminated in the posteroventral quadrant of the contralateral tectum
(as expected for dorsonasal RGCs; Fig. 8B) were chosen for analysis.
Using ImageJ (http://rsb.info.nih.gov/ij/; Wayne Rasband, NIH), a
maximum-intensity view of the confocal stackwas rotated around the
y-axis to select a broadside (dorsolateral) view of the tectum. The D-V
position of each axon as it left the optic tract to enter the tectum was
then quantiﬁed relative to the ventralmost (0%) and dorsalmost
(100%) fascicles. Tectal images in Fig. 8D–F were generated using
FluoRender visualization software (Wan et al., 2009).
Results
nev affects the sorting and targeting of dorsonasal axons
nev was originally isolated in a screen for mutations affecting
retinotectal axon pathﬁnding (Baier et al., 1996; Trowe et al., 1996).
Fig. 1 shows the projections of dorsonasal and ventrotemporal axons in
WT and nev. At 3 and 5dpf, WT dorsal and ventral axons are
topographically sorted in the ventral and dorsal branches of the optic
tract, respectively (Fig. 1A andE) andproject into the tectumwhere they
terminate topographically fromtheoutset (Stuermer, 1988) (Fig. 1B and
F; nN50). In someWTembryos, a fewdorsonasal axons aremissorted in
the dorsal branch of the tract and on the tectum at 3dpf (Fig. 1A), but
thesemissorted axons are not present at 5dpf (Fig. 1E and F). This could
reﬂect either correction of a transient sorting error, or merely the
difﬁculty of labeling topographically at 3dpf.
Innev,a subsetofdorsonasal axonsaremissortedwithventrotemporal
axons in the dorsal branch of the optic tract and enter the tectum from an
abnormal direction (Trowe et al., 1996; Fig. 1C and G). At 3dpf, a greater
number of dorsonasal axons in nev, as compared toWT, are missorted in
the dorsal branch of the optic tract (Fig. 1C, C′) and project through the
dorsal tectum(Fig. 1D,D′). By5dpf, there aremoredorsal axonsmissorted
in the tract, and they appear to have disrupted topography on the tectum
(Fig. 1G andH; but see below). Interestingly, ventral axons are unaffected
in nev (Fig. 1). These results show that nev is required for the topographic
Fig. 1. nevermind/cyﬁp2 is required for axon sorting and targeting of dorsonasal retinal axons. Confocal projections of dorsonasal axons (in magenta) and ventrotemporal axons (in
green) in WT (A, B, E, F) and nev (C, D, G, H) at 3dpf (A–D) and 5dpf (E–H). (A′–H′) show only DiI injected dorsonasal axons in reverse contrast. Cartoons above show orientation of
lateral views (A, C, E, G) and dorsal views (B, D, F, H). WT axons (A and E) from dorsonasal and ventrotemporal retina are topographically sorted in the ventral branch (arrow in E)
and dorsal branch (arrowhead in E) of the optic tract, respectively. Arrowhead in A′ shows a few dorsal axons in WT projecting in the dorsal branch but turning before entering the
tectum. Once on the tectum, WT axons project topographically to their target (B and F). However, in nev, dorsonasal axons are missorted in the dorsal branch of the optic tract
(arrows in C and G), and project through the dorsal half of the optic tectum (arrows in D and H). Scale bars=50 μm.
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the retinotectal projection.
Dorsoventral retinal polarity is unaffected in nev
One possible explanation for this phenotype might be that the D-V
polarity of the eye (Koshiba-Takeuchi et al., 2000) is disrupted in nev
such that dorsal RGCs aremisspeciﬁed as ventral RGCs. To test this, we
examined the expression of markers expressed either in the dorsal
retina (tbx5a [formerly tbx5], aldh1a2 [formerly raldh2], and ephrin-
B2a in situs, and EphB2-Fc afﬁnity reagent staining) or ventral retina
(EphB2, EphB3, and TAG-1, and ephrin-B1-Fc) between 24-48hpf
(Supplemental Table 1). However, none of these genes showed a
detectable reduction or alteration in their D-V pattern (Supplemental
Fig. 2), suggesting that nev is not important for the development of D-
V retinal polarity.nev dorsonasal axons take circuitous routes to their targets
The conclusion that the topographic mapping of dorsonasal axons
on the optic tectum is disrupted in nev (Trowe et al., 1996) was based
on using a focal injection apparatus (Baier et al., 1996) to label ∼100
RGCs. nev larvae, focally labeled in dorsonasal retina, show dye in
roughly the right position in the ventral tectum, but also show labeled
axons in the dorsal tectum (Fig. 1H). Using this method, it is not
possible to discern where individual axons terminate on the optic
tectum and whether they arborize topographically.
To further understand the pathﬁnding of dorsonasal axons on the
optic tectum, we labeled small numbers of dorsonasal RGCs in live
embryos at 5dpf with DiI. In WT, dorsonasal axons enter the tectum
correctly through the ventral branch of the optic tract and project
directly to their topographic location in the ventral tectumwhere they
then arborize (Fig. 2A and B; n=21/23 embryos). In the 2/23 WT
Fig. 2. Dorsonasal axons take circuitous routes on the tectum in nev. (A–D) Confocal
images of the left optic tectum after DiI labeling of a few RGCs in the dorsal retina of wt
(A and B) or nev (C and D) at 5dpf. Dashed line indicates approximate outline of tectum.
In WT, dorsonasal axons enter the tectum through the ventral branch of the optic tract,
project directly to their topographic target and arborize (A and B). In nev, dorsonasal
axons that enter through the dorsal branch of the optic tract meander around the dorsal
tectum, sometimes turning back anteriorly after entering the tectum (arrow in C) but
appear to orient toward the ventral tectum (arrow in D). Scale bar in D=50 μm.
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expected, these axons navigated directly to an appropriate ventral
tectal position on the tectum (data not shown). However, in nev,
dorsonasal axons often enter the dorsal tectum through the dorsal
branch of the optic tract and then follow circuitous routes (Fig. 2C and
D; n=8/12). Interestingly, some axons turn back in an anterior
direction after entering the tectum (arrow in Fig. 2C). Ultimately,
most of the axons that enter on the dorsal side do orient towards the
ventral tectum and eventually appear to terminate correctly (arrow in
Fig. 2D). In nev embryos in which dorsonasal axons enter correctly
through the ventral branch of the optic tract, almost all axons behave
like WT and arborize in the ventral tectum, with only very rare cases
of axons extending away from the ventral tectum (data not shown).
These data, and similar results obtained by Trowe (2000) suggest that
dorsonasal axons in nev are still able to project topographically to the
ventral tectum but take an indirect route to their target.Fig. 3. nevermind encodes Cyﬁp2. (A) Meiotic map of nev/cyﬁp2. Using a combination of
SSLPs and SNPs, nevwas ﬁne-mapped to a 0.51 cM interval on LG14. Numbers above show
recombinations in 588 meioses; numbers below indicate distance in cM. (B) Structure of
Cyﬁp2.Domains knowntobe important for protein interactionswith Cyﬁp1andCyﬁp2are
shown (see text for references). cDNA sequencing from tr230b and ta229fmutant embryos
identiﬁed premature stop codons 79 amino acids (tr230b) and 328 amino acids (ta229f)
into the protein. (C) A cyﬁp2 splice-blocking morpholino phenocopies nev. Dorsal views
showing dorsonasal axons projecting onto the optic tectum. Dashed lines indicate
approximate outline of the tectum. Dorsonasal axons in nev project inappropriately onto
the dorsal half of the optic tectum, as do dorsonasal axons in embryos injected with a
splice-blocking morpholino (SBMO) to cyﬁp2 (arrows). To quantify these errors, the
number of axons projecting through the dorsal optic tectum was counted in wt, cyﬁp2
SBMO, and nev at 3dpf. Numbers of embryos shown inside bars. Scale bar =50 μm.nev encodes Cyﬁp2
To identify the gene encoded by nev, we used PCR-basedmethods to
genetically map nev by screening for tightly linked SSLPs and SNPs. nev
had previously been assigned to LG14 (S. Neuhauss, personal commu-
nication). We ﬁne-mapped nev to a 0.51 cM interval on LG14 by
identifying an SSLP, zAJP18, 0.34 cM (2 recombination/588meioses) on
one side of nev and an SNP, zK183B13, 0.17 cM (1 recombinations/588
meioses) on the other side (Fig. 3A). By BLAST analysis of several BACs
that overlapped this interval, one BAC was identiﬁed (GenBank
accession no. BX088721), which contained the zebraﬁsh ortholog of
human CYFIP2.
Human CYFIP1 and CYFIP2 are 92% and 98% identical to zebraﬁsh
Cyﬁp1 (Schenck et al., 2001) and Cyﬁp2, respectively. This conserva-
tion is evident throughout the entire protein, suggesting that it
contains many domains that are structurally and/or functionally
important. Furthermore, Cyﬁp1 and Cyﬁp2 are very similar to eachother (86% identical in zebraﬁsh). CYFIP1 and CYFIP2 do not contain
any known functional domains ormotifs, but have been shown to bind
several other proteins. Both CYFIP1 and CYFIP2 interact with Rac1
(Kobayashi et al., 1998; Eden et al., 2002) and FMRP (Schenck et al.,
2001), while CYFIP1 interacts with CRMP2 (collapsin response
mediating protein 2) (Kawano et al., 2005), and Drosophila CYFIP
binds Nap1/Kette (Bogdan et al., 2004). Fig. 3B summarizes the CYFIP
fragments implicated in these interactions.
Fig. 4. cyﬁp2 is broadly expressed in the CNS. (A) Animal pole view of a two-cell embryo showing maternal expression of cyﬁp2. (B and C) Lateral views of a 15 somite and 24hpf
embryo, respectively. cyﬁp2 is broadly expressed in the CNS. (D and E) From 48hpf to 72hpf, when axons ﬁrst arrive at the optic tectum and begin to innervate it, cyﬁp2 is still broadly
expressed in the brain and retina. (F) Coronal section through a 72hpf eye. cyﬁp2 is expressed in the RGC layer (black arrow), the inner plexiform layer (black arrowheads), and the
inner nuclear layer (white arrow). Scale bars=100 μm (A–E), 50 μm (F).
789A.J. Pittman et al. / Developmental Biology 344 (2010) 784–794Because it had been shown in Drosophila that CYFIP is required for
axon pathﬁnding in the ventral nerve cord (Schenck et al., 2003), we
hypothesized that nevmight encode Cyﬁp2. To search for a molecular
defect in this gene, RT-PCR allele sequencing was performed for
tr230b and ta229f. This analysis identiﬁed premature stop codons in
Cyﬁp2 at amino acid 79 (TyrNStop) in tr230b and at amino acid 328
(LysNstop) in ta229f (Fig. 3B). In addition, gDNA from the
corresponding founder ﬁsh was sequenced to conﬁrm that the
mutations were induced by the mutagenesis (data not shown).
Because of the early stop codon in tr230b and because both alleles
show similar phenotypes (data not shown), we believe that both
tr230b and ta229f are null alleles. Furthermore, cyﬁp2 mRNA
expression is reduced in nev homozygotes (data not shown),
consistent with nonsense-mediated decay.
To further conﬁrm that the cyﬁp2mutation is causative for nev, we
designed a morpholino antisense oligonucleotide (MO) to cyﬁp2 that
interferes with the splicing of cyﬁp2 mRNA. Injecting this SBMO into
embryos at the one-cell stage prevented proper Cyﬁp2 splicing
(Supplemental Fig. 1) and phenocopies nev (Fig. 3C). To quantify
these phenotypes, we counted the number of axons projecting
inappropriately through the dorsal optic tectum in WT, nev, and
embryos injected with cyﬁp2 SBMO at 3dpf. While in WT a few axons
are present on the dorsal tectum (2.9±0.6, mean±SEM), the cyﬁp2
SBMO signiﬁcantly increases the number of dorsonasal axons making
mistakes (6.6±1.1; p b 0.01, unpaired t test with Welch correction).
In nev, the number of dorsonasal axons making mistakes is 11.1±.1.0
(Fig. 3C). Therefore, the cyﬁp2 SBMO partially phenocopies nev,
further conﬁrming that nev is cyﬁp2.cyﬁp2 is broadly expressed in the CNS
We next tested whether cyﬁp2 is expressed in the developing
visual system. In situ hybridization for cyﬁp2 showed maternal
expression at the 2-cell stage (Fig. 4A). From 15 somites to 24hpf,
cyﬁp2 is broadly expressed in the CNS (Fig. 4B and C). At 48hpf and72hpf, cyﬁp2 is still strongly expressed in the brain and retina (Fig. 4D
and E). Thus, cyﬁp2 could act in the eye and/or the brain to control
proper sorting and targeting of dorsonasal axons. In the 72hpf eye,
cyﬁp2 is expressed in the RGC layer, inner plexiform layer (IPL), and
inner nuclear layer (INL) (Fig. 4F). The expression of cyﬁp2 in the IPL,
which contains connections between dendrites of RGCs and processes
from amacrine cells and bipolar cells, suggests that the translation of
cyﬁp2mRNA at synapses could play a role in cytoskeletal remodeling
or synaptic plasticity. The broad expression of cyﬁp2 in the zebraﬁsh
CNS is similar to that of cyﬁp in the Drosophila CNS (Schenck et al.,
2003; Bogdan et al., 2004).
Other axon tracts appear normal in nev
Given the broad expression pattern of cyﬁp2 in the developing
brain and spinal cord, we asked whether other axon tracts were
affected in nev. To examine early axon tracts in the brain, we stained
for anti-acetylated tubulin at 24hpf (Fig. 5A and B). All themajor tracts
formed at this stage appear unaffected in nev (n=6mutant embryos,
genotyped by PCR). We also used znp-1 to stain primary motor
neurons at 30hpf and found their axonal projections to be normal in
nev (Fig. 5C and D; n=7). TheMauthner neurons, which are located in
the hindbrain, project an axon across the midline that extends down
the spinal cord; this projection is normal in nev (Fig. 5E and F; n=6).
Thus, zygotic cyﬁp2 appears to be required quite speciﬁcally for
dorsonasal retinal axons but not for these non-retinal axon tracts.
Retinal lamination is disrupted in nev
Because cyﬁp2 is expressed in the eye throughout development,we
askedwhether its lamination is normal in nev. To visualize lamination,
cell nuclei in both WT and nev were labeled with Hoechst 33342 at
5dpf. InWT, the eye is well laminated and the RGC layer, IPL, INL, outer
plexiform layer (OPL), and outer nuclear layer (ONL) are all clearly
visible (Fig. 6A). At 5dpf, the IPL normally contains only processes from
Fig. 5. Early axon pathﬁnding appears normal in nev. Confocal projections inWT (A, C, E)
and nev (B, D, F) stainedwith anti-acetylated tubulin (A and B), znp-1 (B and E), and 3A10
(C and F). Lateral views (A–D) and dorsal views (E and F). Anti-acetylated tubulin labels
early axon pathways at 24hpf including the anterior commissure (AC), post-optic
commissure (POC), supra-optic tract (SOT), tract of the post-optic commissure (TPOC),
dorso-ventral diencephalic tract (DVDT), and medial longitudinal fasciculus (MLF). No
differences are detectable betweenWT(A) andnev (B). Axon trajectories of primarymotor
neurons at 30hpf are normal in nev (D) compared to WT (C), including middle primary
motor neurons (MiPs, upper arrowhead) and caudal primary motor neurons (CaPs, lower
arrowhead). (E and F)Mauthner neurons and their axons (arrow in E) project normally in
nev (F) as compared to WT (E) at 36hpf. Scale bar in B=100 μm, D, F=50 μm.
790 A.J. Pittman et al. / Developmental Biology 344 (2010) 784–794RGCs, amacrine cells, and bipolar cells; very rarely is a displaced cell
body found here (only 1 cell in 10 eyes examined). However, in nev,
there are consistently cell bodies displaced in the IPL (n=11/11 eyes
examined, ≥10 cells/eye; Fig. 6B). A similar phenotype was also
observed at 3 dpf (data not shown). Unlike the retinotectal projection
phenotype, which affects only a subset of dorsal RGCs, displaced IPL
cells are found in the dorsal, central, and ventral retina. This suggests
that the axon guidance and lamination phenotypes are independent.
To determine the identity of these displaced cells, nev heterozygotes
were crossed into a transgenic line, Tg(isl2b:GFP)zc7, which labels all (or
nearly all) RGCs with GFP (Pittman et al., 2008). nev embryos and WT
siblings at 5dpf were double-stained with antibodies to GFP and to
parvalbumin, which is expressed in a subset of amacrine cells in both the
RGC layer and the INL (Malicki et al., 2003; Avanesov andMalicki, 2004),
and counterstainedwithHoechst 33342 (Fig. 6AandB‴). Innev, amixture
of RGCs (GFP+) and amacrine cells (parvalbumin+) are intermingled in
the IPL (Fig. 6B–B‴). Thus, cyﬁp2 is required for the proper segregation of
both RGCs and amacrine cells during the lamination of the retina.
To determine whether cyﬁp2 acts cell autonomously in retinal
lamination, we transplanted cells from donor embryos collected from
a nev/+;Tg(isl2b:GFP)zc7/+ incross (injectedwith a rhodamine:biotin
dextran solution to label donor cells) into host embryos collected
from a nev heterozygote incross, then stained with streptavidin-Alexa
546 and anti-GFP to identify donor cells and Hoechst 33342 to
visualize the cell layers. WT donor cells were found in the IPL of nev
eyes (4/24 eyes; Fig. 7A and B–B‴) and nev donor cells in the IPL ofWTeyes (2/37 eyes; Fig. 7C and D–D‴). In nev to nev control transplants,
we found nev donor cells in the IPL of nev eyes at similar rates (3/17
eyes; Fig. 7E and F–F‴). WT donor cells were never displaced in the IPL
of WT eyes (0/24 eyes; data not shown). Thus, nev acts both cell
autonomously and cell nonautonomously during retinal lamination.
CYFIP2 functions cell autonomously in dorsonasal RGC axon sorting
Wehypothesized that CYFIP2 acts in the retinal growth cones during
their pathﬁnding. In this case, restoringwildtype CYFIP2 function in nev
axons should rescue their sorting in the axon tract. To do so,we adapted
focal in vivo electroporation (Bianco et al., 2008) to introduce DNA
constructs into dorsonasal RGCs (Materials and Methods). Co-electro-
poration was efﬁcient: when co-electroporating EGFP and mCherry
constructs, 90% of RGC arbors were double-labeled (n=10; Fig. 8A).
Dorsonasal RGCs were electroporated with gap43-gfp alone, or with a
wildtype cyﬁp2 construct together with a gap43-gfp marker (Fig. 8);
correct targeting in the retina was conﬁrmed by selecting arbors that
terminated in the posteroventral quadrant of the tectum (Fig. 8B).
Dorsonasal nev axons marked with gap43-gfp (Fig. 8E) showed similar
paths to those previously labeled with DiI (Fig. 2). They were often
missorted in the dorsal brachium of the optic tract; both missorted and
properly sorted axons sometimes took “meandering” routes on the
tectum. Individual nev arbors appeared to be properly restricted to a
single tectal lamina (data not shown), butwere often less branched than
WT and showed abnormal self-crossing (Fig. 8E); however, we did not
attempt to quantitate this arborization defect.
To quantitate the tract sorting error, the position at which axons
entered the tectumwas quantiﬁed using a coordinate system inwhich
the ventralmost retinal fascicle was 0% and the dorsalmost, 100% (Fig.
8C and D). Dorsonasal axons in WT labeled with GFP sorted in the
ventral brachium and entered the tectum ventrally, with mean
position 23.5±1.8% (mean±SEM, n=54 arbors/22 larvae; Fig. 8C
and D). While some dorsonasal axons in nev sorted correctly, others
sorted in the dorsal brachium and entered the tectum dorsally (Fig. 8C
and E). Their mean position was 43.6±4.8% (n=26/12), signiﬁcantly
more dorsal than WT (p=0.0005, two-tailed Mann-Whitney U test).
When nev axons were co-electroporated with cyﬁp2, their sorting was
rescued (Fig. 8C and F), with a mean position of 27.1±3.2% (n=22/
13), signiﬁcantly more ventral than control nev (p=0.015), and not
signiﬁcantly different than WT (p=0.72). Therefore, we conclude
that CYFIP2 acts cell autonomously in optic tract sorting for
dorsonasal RGCs.
Discussion
Here we describe the phenotypic analysis and cloning of the
zebraﬁsh retinotectal mutant, nev. We show that nev encodes Cyﬁp2
and is thus the ﬁrst known vertebrate mutation in this gene family.
Through a combination of axon labeling methods, we show that
speciﬁc mistakes are made by a subset of dorsonasal retinal axons,
which missort in the optic tract and wander through the dorsal
tectum before appearing to terminate topographically. The optic tract
sorting defect could be rescued cell autonomously by electroporation
of wildtype cyﬁp2. Interestingly, the axon guidance phenotype is
speciﬁc to retinal axons, as all the non-retinal axons that we analyzed
were unaffected. In addition, we show that the lamination of the
retina is disrupted in nev, so that a mixture of RGCs and amacrine cells
are displaced in the IPL. This lamination defect requires both cell-
autonomous and nonautonomous nev function.
Role of CYFIP2 in tract sorting and tectal targeting
When might cyﬁp2 act? cyﬁp2 is expressed broadly in the retina
and brain at 24hpf, just prior to RGC differentiation (Hu and Easter,
1999); at 36hpf, when axons have begun exiting the eye (Stuermer,
Fig. 6. Retinal lamination is disrupted in nev. Coronal sections through a WT eye (A–A‴) and a nev eye (B–B‴) at 5dpf. (A and B) Hoechst 33342 stain to visualize lamination. The
retinal ganglion cell (RGC) layer, inner plexiform layer (IPL), inner nuclear layer (INL), and outer nuclear layer (ONL) are all clearly visible at this stage. Arrowheads in B show
displaced cells in the IPL of nev. Boxed regions are magniﬁed in A′–A‴ and B′–B‴ and show nuclei labeled with Hoechst 33342 (magenta; A′–A‴, B′–B‴), RGCs labeled with isl2b:GFP
(green; A″, B″), and a subset of amacrine cells labeled with anti-parvalbumin (green; A‴, B‴). In nev, RGCs and amacrine cells are intermingled in the IPL. Arrowheads in B″ and B‴
show displaced RGCs and amacrine cells in the IPL, respectively. ON, optic nerve. Scale bar=50 μm.
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when the ﬁrst axons have reached the posterior tectum (Stuermer,
1988). cyﬁp2 expression is thus consistent with a role in retinal axons
as they ﬁrst sort topographically in the optic tract and then project
topographically on the tectum. Indeed, we ﬁnd both tract sorting and
tectal projection phenotypes in nev at 3 and 5dpf. By labeling a few
RGCs in the dorsonasal retina, we could analyze rather precisely the
paths taken by misrouted axons in nev. Dorsonasal axons take
circuitous routes in the tectum but do appear to direct themselves
towards the ventral tectum, suggesting that they are able to respond
to topographic cues. Single-axon labeling with DNA electroporation in
nev showed defects in tract sorting, pathﬁnding across the tectum,
and arborization on the tectum at 5dpf.
We were able to determine that cyﬁp2 acts autonomously during
retinal axon sorting in the optic tract, consistent with the demon-
stration by Bogdan et al. (2004) that in Drosophila, CYFIP is required
eye autonomously for photoreceptor axons to ﬁnd their appropriate
targets in the brain. In nev, electroporation with wildtype cyﬁp2
caused dorsonasal RGC axons to be sorted ventrally in the optic tract,
similar to wildtype. Expression of CYFIP2 in a single dorsonasal RGC in
nev is sufﬁcient for correct axon sorting in the optic tract. This
demonstrates that cyﬁp2 acts cell autonomously in the D-V sorting of
dorsonasal RGC axons in the optic tract.
Neither the tectal pathﬁndingnor thearborizationphenotypesofnev
were rescued by cyﬁp2 electroporation. In addition, cyﬁp2 electropora-
tion appeared to interfere with both processes in wildtype (data not
shown), likely due to abnormally high levels of CYFIP2. Because of this,
we cannot conclude from the electroporation experiments whether
cyﬁp2 has autonomous function in these two processes; indeed, it is
possible that cyﬁp2 acts autonomously for tract sorting and nonauto-
nomously for the tectal phenotypes. We do not believe that the nev
tectal pathﬁnding behavior is a secondary consequence of tract
missorting. While it has been suggested that pretarget order mightinﬂuence topographic mapping in the target (Plas et al., 2005), the
phenotypes ofnev, boxer (box), anddackel (dak) donot support this idea.
In all three mutants, dorsal axons are missorted in the dorsal branch of
the optic tract, enter the tectum incorrectly, but then eventually
navigate to their correct topographic target in ventral tectum.While nev
axons take meandering paths on the tectum, box and dak axons take
more direct paths, never turning back on themselves (Lee et al., 2004).
Thus in all three mutants, dorsal axons clearly have access to
topographic information, although in nev they seem to have difﬁculty
translating this into directed growth. nev axons electroporated with
wildtype cyﬁp2 showed tectal pathﬁnding defects while having largely
normal tract sorting, further dissociating these two behaviors.
At present, little is known about the molecules that control sorting
in the optic tract. One strategy for uncovering them is to clone the
retinotectal mutants found in the Tübingen screen, and indeed many
of the affected genes have been cloned (Fricke et al., 2001; Parsons et
al., 2002; Lee et al., 2004; D'Souza et al., 2005; Pollard et al., 2006; Seth
et al., 2006). In particular, the cloning of nev, box, and dak shows that
HSPGs and Cyﬁp2 play key roles in tract sorting, providing clues that
may lead to the responsible ligands and receptors.
In contrast, for D-V topographic targeting on the tectum, work
from mouse and Xenopus has implicated ephrin-B/EphB forward and
reverse signaling, as well as Wnt/Ryk signaling (Hindges et al., 2002;
Mann et al., 2002; Schmitt et al., 2006). In zebraﬁsh, recent data has
suggested a role for semaphorins (Liu et al., 2004) and esrom/PAM
(D'Souza et al., 2005). Our analysis of EphB and ephrin-B expression in
nev, both at the mRNA and protein levels (Supplemental Table 1)
suggests that loss of Cyﬁp2 does not affect their transcriptional or
translational regulation. Instead, lack of Cyﬁp2 might reduce the
ﬁdelity of growth responses to topographic signals, by compromising
signaling through Rac and the WAVE complex or through FMRP.
Because Cyﬁp proteins interact with FMRP (Schenck et al., 2001),
we tried to determine whether knocking down FMRP with antisense
Fig. 7. cyﬁp2 acts both cell autonomously and cell nonautonomously in lamination. Representative coronal sections through a nev eye withWT donor cells (A–B‴), aWT eye with nev
donor cells (C–D‴), and a nev eye with nev donor cells (E-F‴). (A, C, E) Hoechst 33342 stain (blue), biotin dextran-positive (BDA+) donor cells (red), and isl2b:GFP+donor RGCs
(green). Insets are shownmagniﬁed below. (B–B‴)WT donor cells in a nev host are misplaced in the IPL, showing nev can act cell nonautonomously. Arrows show a BDA+donor cell
next to a BDA− cell in the IPL. (D–D‴) nev donor cells in aWT host aremisplaced in the IPL, showing that nev can also act cell autonomously. Arrows show a BDA+/isl2b:GFP+cell in
the IPL. (F–F‴) Control transplants show nev donor cells in a nev host that are misplaced in the IPL. Arrow shows a BDA+/isl2b:GFP+cell misplaced in the IPL. Scale bar=50 μm.
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Zebraﬁsh fmr1 is expressed broadly in the retina and brain during
development of the retinotectal projection (data not shown; Tucker et
al., 2004). When we injected either translation- or splice-blocking
antisense fmr1morpholinos intoWT or nev,we could ﬁnd no effect on
the topographic projections of retinal axons (data not shown).
Potential redundancy between Cyﬁp1 and Cyﬁp2
As with mammals, zebraﬁsh have two cyﬁp genes. Although the
CYFIP proteins do not contain any recognizable protein domains, they
are evolutionarily highly conserved: zebraﬁsh Cyﬁp2 is 98% identical
to human CYFIP2, while zebraﬁsh Cyﬁp1 (Schenck et al., 2001) and
Cyﬁp2 are 86% identical to each other. The single Drosophila CYFIP is
67% identical to human CYFIP1 and CYFIP2 (Schenck et al., 2003). As
with zebraﬁsh cyﬁp2, ﬂy cyﬁp is expressed broadly in the CNS at both
the level of RNA and protein (Schenck et al., 2003; Bogdan et al.,
2004).
Given the broad expression of cyﬁp2 in the developing zebraﬁsh CNS
and the variety of phenotypes observed in Drosophila, it interesting that
we have only been able to identify subtle phenotypes in the retinotectal
system and not in any other axon tracts. One explanation is that
maternal cyﬁp2 is able to compensate for the loss of zygotic cyﬁp2 early
in development; the non-retinal axon tracts analyzed in Fig. 5 develop
much earlier than retinal axons. In Drosophila, removing both maternal
and zygotic cyﬁp greatly enhanced the axonpathﬁndingerrors (Schencket al., 2003). We have tried knocking down both maternal and zygotic
cyﬁp2with a translation-blockingmorpholinoagainst cyﬁp2, but founda
delay in overall development of the embryos and thus the retinotectal
projection, which precluded analysis of the retinal axons (data not
shown). This does, however, suggest that maternal cyﬁp2 functions
early in development.
A second explanation for the subtle nev phenotype is that Cyﬁp1
may compensate for the loss of Cyﬁp2. Zebraﬁsh cyﬁp1 is expressed
broadly throughout the entire embryo at 24hpf (data not shown).
However, from 36hpf and beyond, cyﬁp1 is expressed in the brain and
retina at very low levels, if at all. Nevertheless, we designed both
splice-blocking morpholinos and translation-blocking morpholinos to
cyﬁp1 and injected them into WT embryos. Similar to the cyﬁp2
translation-blocking morpholinos, we found an overall delay in the
development of embryos injectedwith either morpholino, and a delay
in the growth of axons to the tectum (data not shown). Thus, cyﬁp1
seems also to have required functions in early development, and we
were unable to concludewhether Cyﬁp1 acts redundantly with Cyﬁp2
in the retinotectal system.
Role of Cyﬁp2 in retinal lamination
In nevmutants,we foundbothRGCs and amacrine cells displaced in
the IPL. We saw lamination defects at both 3 and 5 dpf (data not
shown; Fig. 6), and cyﬁp2 is expressed in the eye at least through 3 dpf.
When we performed cell transplants between nev and wt, misplaced
Fig. 8. cyﬁp2 acts cell autonomously in dorsonasal RGC axon sorting in the optic tract. (A) Co-electroporation yields consistent co-labeling with EGFP and mCherry. (B) Diagram of
rescue experiments: electroporated dorsonasal RGCs project to the posteroventral quadrant of the tectum. (C) Quantiﬁcation of D-V sorting of dorsonasal axons in the optic tract as
they enter the right optic tectum, relative to the ventralmost (0%) and dorsalmost (100%) fascicles (white ruler in D). A subset of nev axons missorts into the dorsal brachium;
electroporation with cyﬁp2 yields signiﬁcant rescue. Error bars show mean±SEM. (D–F) Confocal projections of single dorsonasal axons (GAP43-GFP, green) in the tectal neuropil
(mCherryCAAX, red) at 5 dpf. (D) WT axons enter the tectum ventrally. (E) nev axons often enter dorsally. (F) cyﬁp2-co-electroporated nev axons are rescued and enter ventrally.
Scale bar, 50 μm.
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transplants, suggesting that nev acts both cell autonomously and
nonautonomously for proper sorting of cells into their appropriate
positions. These results are not necessarily surprising if, for example,
nev were to act downstream of molecules that act either through
homophilic or heterophilic interactions (e.g., cell adhesionmolecules).
Interestingly, hypomorphic mutations in zebraﬁsh n-cadherin
show similar retinal lamination phenotypes to nev but do not show
retinal pathﬁnding errors (Masai et al., 2003) or topographic
mapping mistakes (data not shown). Whether Cyﬁp2 interacts
with N-cadherin during lamination or axon pathﬁnding is not yet
known. In other species, disrupting the cell adhesion molecule
NCAM (neural cell adhesion molecule) also causes a phenotype
strikingly similar to nev. Mice lacking NCAM-180, a speciﬁc variant
of NCAM, show an increase in cells displaced in the IPL
(Tomasiewicz et al., 1993) even though the overall morphology
of the retina is similar to WT. Disrupting polysialic acid (PSA), a
carbohydrate modiﬁcation of NCAM, affects the fasciculation of
axons in the chick optic tract, and causes axons on the tectum to
“wander,” sometimes projecting anteriorly (Yin et al., 1995), very
similar to what we observe in nev. Thus, it is also possible that
cyﬁp2may act downstream of NCAM to regulate sorting of cells and
axons in the zebraﬁsh retinotectal system.
In summary, we have shown that nev encodes Cyﬁp2, which is
required for the lamination of the retina and axon pathﬁnding in the
retinotectal system. Given that cyﬁp2 is required only by dorsonasal
axons in the tract and tectum but is required for lamination of cells
throughout the dorsal, central and ventral retina, these processesappear to function independently. However, in both lamination and
axon guidance, cyﬁp2 may have a similar function in aiding cells to
sort from one another. The known interactions of CYFIP proteins with
the Rac pathway as well as with the FMRP family suggest intriguing
links to cytoskeletal dynamics as well as with RNA regulation. Thus,
the molecular identiﬁcation of nev adds to our understanding of
cytoplasmic signaling events mediating both retinal lamination,
where Cyﬁp2 could potentially act downstream of cell adhesion
molecules, and axon pathﬁnding, where Cyﬁp2 could potentially act
through Rac to translate extracellular signals into actin regulation and
growth cone turning.
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